We present the results of a search for a very light CP -odd Higgs boson a . Using a data sample corresponding to an integrated luminosity of 2.7 fb −1 collected by the CDF II detector in pp collisions at 1.96 TeV, we perform a search for events containing a lepton, three or more jets, and an additional isolated track with transverse momentum in the range 3 to 20 GeV/c. Observed events are consistent with background sources, and 95% C.L. limits are set on the branching ratio of t → H ± b for various masses of H ± and a 0 1 . The Higgs boson is the last unobserved particle of the standard model (SM) [1] . In the SM the Higgs boson mass is unstable to quantum corrections. This problem is naturally solved in supersymmetric models [2] . In these [4] . The light SM-like Higgs helps to solve the naturalness and fine-tuning problems arising in the MSSM [3] . In addition, the charged Higgs boson must not be much heavier than the W boson, which helps to reconcile apparent discrepancies in the LEP lepton universality measurements [5] . Such a charged Higgs boson could appear in top quark decays t → H ± b, escaping current limits [6] In the pp collisions at the Fermilab Tevatron the top quarks are produced mainly in pairs, and within the SM almost always decay into a W boson and a b-quark. The NMSSM scenario considered above differs from the SM process by the presence of one or two a 0 1 bosons in the final state. As the a 0 1 boson decay products are expected to have low momenta, these could remain undetected without affecting the measurements of the tt cross section and properties of the top quark.
In this Letter we report on the first search for a light CP -odd Higgs boson a 
We analyze a data set corresponding to an integrated luminosity of 2.7 fb −1 of pp collisions at √ s = 1.96 TeV collected by the Collider Detector at Fermilab (CDF II) [7] , searching in candidate tt events for the presence of low-p T tracks [8] that could be attributed to τ -decay products.
We select candidate tt events using criteria developed for a tt cross section measurement [9] . The data events used in the analysis are collected by triggers that identify at least one high-p T electron or muon candidate using the online data acquisition system. Subsequently, each event is required to have a single isolated e or µ with p T > 20 GeV/c and |η| < 2.0(1.0) for e(µ) [10, 11] . We require missing transverse energy E / T > 20 GeV [12] , as evidence of a neutrino from the W -boson decay, and at least three jets with E T > 20 GeV and |η| < 2.0, reconstructed using a fixed cone algorithm of radius R ≡ (∆η) 2 + (∆φ) 2 = 0.4 [13] . Backgrounds to tt production are reduced by requiring at least one of the jets to be identified as a b-quark candidate using the presence of a displaced secondary vertex [14] , and by requiring the scalar sum of the transverse energy of the lepton, E / T , and jets (H T ) to be above 250 GeV. We observe 1052 events passing these selection criteria, which define a pre-signal sample.
The main contribution to the selected sample of events comes from tt production, which we model using the pythia 6.216 Monte Carlo (MC) generator [15] for both SM and new physics top quark decays, assuming m t = 172.5 GeV/c 2 . We use an alpgen 2.13 [16] matrixelement generator interfaced to pythia 6.325 for modeling W+jets and Z/γ * + jets production. Other sources of events in the pre-signal sample include diboson production (W W, W Z, ZZ) modeled with pythia 6.216 MC generator, and multi-jet QCD events modeled using a data-driven approach described in [17] . The detector response in all MC samples is modeled by a geant3-based detector simulation [18] .
We search for τ -leptons from a 0 1 boson decays in tt candidate events by looking for at least one low-p T (3 GeV/c < p T < 20 GeV/c) track in the central detector region |η| < 1.1. The track must be well-measured, i.e. it should have a sufficient number of hits in the tracking chamber. To ensure that the track is consistent with being produced in a pp collision, the distance of closest approach of the track with respect to the beam axis is required to be small. The track must also originate from the same pp interaction as the isolated lepton by requiring that |z track −z lepton | < 5 cm, where the z-coordinate corresponds to the point of the closest approach to the nominal beamline. To suppress backgrounds from jets the candidate track is required to be isolated from other tracks in the event. We sum the p T of every well-measured track with p T > 0.5 GeV/c, including the candidate track, within a cone of ∆R < 0.4 around the candidate and with a z-position of origin within 5 cm of the candidate track z. We require that the ratio of the candidate track p T to the sum p T of tracks in the cone be at least 0.9. We also ensure that the track is not within ∆R < 0.4 of the lepton (e or µ) or a jet, used to define the tt candidate.
The isolated tracks can arise from the hard partonparton interaction producing the high-p T lepton candidate as well as from the "underlying event" (UE). In what follows, we include in our UE definition contributions from additional simultaneous proton-antiproton collisions. Non-UE isolated tracks come from physics processes where more than one lepton is produced but only one is identified, such as from Z/γ * → + − events where one lepton triggers the event, while the other one has a p T below 20 GeV/c, or is a τ ± that leaves a lowp T track. We use simulated events to model the track p T spectra corresponding to leptons from the vector boson decays.
We use data to model the characteristics of UE tracks.
We analyze several different data samples to verify that the UE track p T spectrum is independent of the data source. We select Z boson candidates by requiring events to have two leptons ("dilepton events") with an invariant mass consistent with a Z boson. We also study "lepton + jets" events by requiring only one lepton candidate, significant missing transverse energy, plus one or two jets. This data sample is dominated by events from W boson plus associated jets production. We also analyze several data samples of QCD multi-jet events collected by triggers that identify at least one jet. Each sample requires a different jet E T threshold. The fraction of events in which UE tracks satisfy our selection criteria is about 7.5%, and is consistent between samples within 15% relative uncertainty. The p T spectra of the isolated tracks for different data samples normalized to the same area are shown in Fig. 1 . The track p T spectrum for lepton+jets events is corrected by subtracting contributions from tracks corresponding to real leptons from Z/γ * , diboson, and tt events. This is done by accounting for tracks originating from a W ± or Z boson in our MC samples, where the reconstructed track is traced back to the charged particle in the decay chain of the vector boson. In Fig. 1 both corrected and uncorrected track p T spectra are shown. After the correction the p T spectra agree with those from dilepton and QCD multi-jet events. We tested the data to determine whether there are any correlations between the p T spectra of isolated tracks and other parameters of the event. The only correlation we found was with the H T of the event. We account for this correlation as described further in the text. A number of cross-checks that we performed include comparison of the UE track p T spectra for different QCD multi-jet samples, as well as a study of dependence on the jet multiplicity, the number of primary vertices, and presence of the btag in the events. We observed no statistically significant difference in the track p T spectra in these studies.
We perform the search for t → H ± b → W ± ( * ) a 0 1 b decays by fitting the observed isolated track p T distribution to the combination of the UE, non-UE SM, and the new physics signal track p T spectra. We use the UE track p T distribution from QCD multi-jet data events to model the UE contribution, and allow the rate of UE tracks to float freely in the fit. For the MC-modeled background processes we consider isolated tracks only from the vector boson decays. In case an event has more than one track satisfying the isolation and the track quality criteria, we select the track with the highest p T . We use the UE track p T distribution measured in data to correct all MC track p T spectra to account for the probability of the highest-p T track to come from the underlying event.
Prior to performing the fit in the signal region, we test our procedure in the control region defined by events with one lepton plus one or two jets. In this region the dominant non-UE contribution is from Z/γ
events, where the second lepton from Z/γ * is not identified but passes our isolated track requirements, or Z/γ * → τ + τ − events where one τ decays leptonically and is identified as an electron or muon, and the other one is identified as an isolated track. The lepton track p T spectra from Z/γ decays are on average more energetic than the UE track p T , and assuming the UE-only hypothesis an excess of events is expected in the tails of the observed isolated track p T distribution. We test whether we are able to observe the excess of events attributed to Z/γ * → + − events at the rate consistent with the expectation. The expected number of events from the Z/γ * → + − process is obtained using the MC normalized to data under the Z mass peak.
We perform a log-likelihood fit to the observed isolated track p T spectrum, with UE and Z/γ * rates completely unconstrained, and other MC-based contributions (top and dibosons) constrained to be within their theoretical expectations. The fit is performed in the range 3 ≤ p T ≤ 20 GeV/c separately for events with one and two jets. The results of the fit are presented in Fig. 2 . The extracted Z/γ * contribution matches the expectations within the statistical uncertainties.
We then proceed to fit in the signal region, and employ the CL S likelihood ratio test statistic [19] to quantify the search results. The systematic uncertainties enter the CL S fit as Gaussian-constrained nuisance parameters.
The tt contribution is obtained from the data using the same technique as in the tt cross section measurement [9] . The uncertainty on the expected tt event yield is due to the lepton identification and triggering (2%), b-tagging efficiency (5%), the jet energy scale (5%), the uncertainty in the estimate of backgrounds to tt (3%), and limited data statistics (6%) accounting for the total tt normalization uncertainty of 10%.
The Z/γ * + heavy flavor contribution is normalized to data under the Z mass peak, with the dominant uncertainty due to limited statistics of Z+ tagged jet events in data (8%). The uncertainty on the diboson (V V ) background is due to NLO calculations [20] and parton distribution functions, taken conservatively to be 10%, luminosity (6%), and the jet energy scale (20%). Since we require the isolated track not to be within a reconstructed jet, the systematic uncertainty in the jet energy scale leads to events migrating to/from the signal region, which results in an additional 3% uncertainty for all MC-based backgrounds. The uncertainty on the isolated track efficiency is 3%, and is determined using Z/γ * events.
The largest variations in the UE isolated track p T spectrum come from varying the H T requirement for the candidate sample. We use the shapes obtained from multi-jet data for very low and very high H T , and interpolate these distributions to obtain an intermediate shape. The interpolation is parametrized with a Gaussian-constrained nuisance parameter and integrated into the fit. We allow the UE track p T distribution to change in the fit according to the value of this nuisance parameter [21] .
The expected event yields in the signal region are presented in Table I . The first row in the table represents the numbers of expected and observed events before the isolated track requirement. The second row shows the event , and with at least one isolated track (second row) with 3 GeV/c < pT < 20 GeV/c. In the second row events are categorized based on the origin of the isolated track. The number of UE events is the expected number of events before the fit to the track pT spectrum.
yields after the isolated track requirement, where events are categorized based on the origin of the isolated track. The quoted event yield due to the UE corresponds to the expected rate, while the actual normalization is obtained from the fit to the isolated track p T spectrum in data, as can be seen in Fig. 3 . Figure 3 shows that the data are well described by SM background sources. We set 95% confidence level (C.L.) upper limits on the branching ratio of t → H + b under the assumption that the branching ratios B(a Consolider-Ingenio 2010, Spain; the Slovak R&D Agency; the Academy of Finland; and the Australian Research Council (ARC).
